Abstract-While the Acoustic Doppler Velo designed to determine fluid velocity, it is impo that it is actually the velocity of the scatterers measured. Thus in a calibration tank designed t induced backscatter to sediment concentrat velocity registered by an ADV at a given point i fluid velocity plus the sediment's settling velocit vertical volume flux, the average vertical velocit ADV across a horizontal plane is equal to th settling velocity. For this study, a series of ADV run in a 118-liter re-circulating tank for six san and 150 microns. A grid of ADV measuremen horizontal plane across the tank revealed that velocity registered by the ADV in each case was with each grain size's settling velocity as indepe by a "rapid sand analyzer" laboratory settling t systematic increase in the proportionality concentration and backscatter was observed wit size.
I. INTRODUCTION
Size distribution and settling suspended sediment particle popu every aspect of particle fate physiochemical (re-suspension, dep and biological (production, minera processes. [1] [2] [3] Optical instrumen determine in-situ and bench top sus and settling velocity, including suc the PICcamera, the LISST-ST, and t In estuarine and coastal waters, thes limited to short-term field dep susceptibility to bio-fouling. Velocimeter (ADV), however, is an withstand the bio-fouling associate lasting several months and has reasonable estimates of in-sit concentrations (C) and particle se calibrated with pumped suspended collected at the study site [7] [8] . But w s such as those illustrated in Figur significant scatter, largely because and density, and the simultaneous pr types [9] [10] .
To ultimately facilitate better observations, this study used a la tank to simultaneously measure sed ank d Direct locity g velocity (ws) from ADV data York River Estuary, Virginia. [9] velocities are features of ulations that affect nearly and transport, including position and flocculation) alization and repackaging) nts are commonly used to spended size concentration ch example instruments as the DIGIHOLOCAM [4] [5] [6] . e instruments are generally ployments due to their The Acoustic Doppler n instrument that is able to ed with field deployments been found to provide tu suspended sediment ettling velocity (w s ) when d sediment concentrations t in situ estimates of C and res 1 and 2 tend to exhibit of changing particle size resence of multiple particle interpretation of in situ aboratory sediment mixing iment solids concentration, acoustic backscatter, and particle settling velocity under more highly controlled conditions than are possible in the field. We utilized an ADV along with various single grain-size sand suspensions as well as sand-mud mixtures over a range of concentrations. In the next sections of this paper we describe the VIMS acoustic calibration chamber and the ADV's properties, our approaches in measuring sediment concentration, size and settling velocity, and the results of our experiments. Our main findings include the well constrained proportionality between acoustic backscatter and mass concentration for a given particle type at moderate concentrations, the clear proportionality between acoustic backscatter and grain size for a particles of a given density, and the novel use of direct Doppler velocity measurements to measure sediment settling velocity within a multi-use sediment mixing tank.
II. METHODS

A. Acoustic Calibration Chamber
The design of the VIMS sediment mixing tank that we utilized for acoustic calibration is based on similar chambers the lead author has used at NIWA in Hamilton, NZ, and at the University of East Anglia in Norwich, UK. The VIMS chamber, built by the Physics Department machine shop at the College of William and Mary (Figure 3 ), has inside dimensions, which measure 31.6 cm square at the top and 1.5 meters tall down the center. The top meter of the chamber is square and the bottom 0.5 meter tapers to facilitate the collection of sediment to be pumped back to the surface. At the bottom of the taper is an insert which minimizes sediment trapping corners and helps return all of the sediment back into the pump inlet.
A Cal Pump MS900 marine pump powers the circulation of the water in the tank, which according to the manufacture's performance curve, pumps at a rate of 44.2 liters/minute with a head of approximately 2 meters. The pump is kept cool by placement in a water bath with tap water running through a submersed coiled copper tube. After passing through the pump, the chamber water is re-circulated through a four-way splitter to four jet outlets, one centered on each wall of the chamber 25 cm below the top. The water jets meet forcefully in the center of the chamber, level with the outlets. Once the jets converge, the dominant flow of the chamber is downward toward the pump inlet, but some of the sediment is carried above the level of the outlet tubes by a component of upward flow also produced at the jet convergence point.
The chamber has several sliding sampling tubes situated along one side that can be pushed in to the center of chamber to allow the collection of water samples. The flow rate out of one of the sampling 1.27 cm (I.D.) tubes has been measured to be on the order of 1 m/s (1970 cm 3 in 16.4 sec). This is sufficient to capture a representative portion of the suspended sediment given the chamber circulation rate [11] . The water can later be analyzed for suspended solids concentrations to be paired with ADV backscatter collected at that same location in the chamber.
B. Acoustic Doppler Velocimeter
The ADV used in this study is a Sontek ADVocean sensor (Figure 3b ). The sensor is mounted in a downward looking position on a plate that is clamped to a second plate attached to the top of the calibration chamber. Each plate can be moved to change the position of the ADV in relation to the top of the chamber. The ADV is a bi-static sonar, which means it uses separate transmit and receive beams. The location of the ADV sample volume is determined by the geometry of the three acoustic receivers around the centrally located 5-MHz acoustic transmitter. These receivers, encased in stainless steel, radiate out at 120 o azimuth intervals and angle away from the transmitter. A ~2 cm 3 sample volume is created ~18 cm below the transmitter, corresponding to where beams projected out from the receivers would intersect the transmit beam [12] . The transmitter emits a short pulse, and the receivers listen to an echo that is range gated to correspond to travel time from the sample volume to the receiver. At 10 Hz, the ADV records the velocity of scatters in three directions (x, y and z), the amplitude of the signal strength of the "echo" received by each of the receivers (beams 1, 2 and 3), and the percent correlation between the transmit and receive signals for each beam. The units for the amplitude of the return "echo" are in "counts", a unit proportional to decibels, i.e., a logarithmic scaling of the amplitude of the backscatter. The ADV also records water pressure and temperature, as well as compass direction, tilt, and roll of the sensor.
C. Sediment Sample Preparation
To isolate constant density, relatively simple-shaped particles of known sizes, a sample of clean quartz sand was sorted into 6 size classes from 4 phi (63µm) to 2.5 phi (150 µm) using 0.25 phi graduations. The size classes in this study are identified by the size of the sieve the sand was captured on. Sub-samples of the sand were placed on the 2.5 phi sieve and mechanically shaken through the 6 sieves with a Ro-tap for 30 minutes. The literature suggests that there was no significant difference in the distributions obtained from a Ro-Tap after shaking durations ranging from 10 to 30 minutes, but we opted for the longer time since we were sieving more than 20 grams at a time [13] . The sand captured on each sieve from the different subsamples was then combined together by size class. Next, the sand from each size class was individually shaken through all the sieves a second time for an additional 45 minutes in an effort to make sure what was captured on each sieve was only sand from that sieve size to a quarter phi size larger. Figure 4 shows the sand collected on the 4.0 phi (63 µm) sieve and the 3.0 phi (106 µm) sieve. Most of the impurities (i.e., non-quartz particles) were concentrated on the two smallest sieve sizes.
D. Acoustic Response to Grain-size Experiments
A separate regression was determined for each of the sand size classes described in Section C. The ADV in Figure 3 is mounted for the experiments described below in Section E. For the grain-size experiments described in this Section, the ADV was lowered until the ADV sample volume was level with the sampling tube marked by an arrow in Figure 3a . For each grain-size experiment, a series of the aliquots of processed sand was added to the chamber to bring the expected concentration to approximately 25, 50, 75, 100, 150, 200, 250 mg/L, respectively. Although the chamber was designed to have as few places as possible for the sand to settle out of suspension, it was noticed that the exposed edges of the tubes designed to allow for sampling of the water actually became sediment traps, and there were also spots along the taper at the bottom of the chamber where the sediment "stuck" and wasn't re-circulated. (Later experiments have shown that even though all the sand isn't kept in suspension, the center of the chamber stays homogeneous if it is allowed some time to reach equilibrium.) A 10-minute ADV backscatter burst, sampled at 10 Hz, was collected for each sand concentration. Before the addition of the next sand aliquot, the sample tube, inserted into location of the ADV sample volume, was flushed with water as the chamber continued to circulate. An approximately 2-liter water sample was collected from the appropriate sampling tube and analyzed for suspended solids concentration.
E. ADV Settling Velocity Measurements
Six separate settling velocity experiments were conducted, one for each size class of the sand described in Section C. The experiments were conducted in the winter when the water coming from the tap was only 12-14 o C. As the water warmed, air bubbles were released. Since bubbles are a strong reflector of acoustic sound, it was imperative to verify that the bubbles were completely dissipated, so the chamber was left to sit overnight with the pump running. The next day, a series of 10 minute ADV bursts were taken and analyzed until the backscatter and mean velocity in the vertical direction for that location stabilized. A decrease likely would be seen from the previous burst if a significant number of bubbles were still present. Tap water was used so that passive reflectors inherent to non-purified water were still available for the acoustic signal for the zero sand concentration conditions. Note that the backscatter from passive reflectors in tap water is strong enough to provide a reliable Doppler velocity measurement, but weak enough that backscatter from added sand entirely overwhelms the passive reflector signal.
Once it was verified that any remaining bubbles were not going to interfere, for each ADV settling velocity experiment enough sand was added to the 118 liters of water in the chamber to bring the concentration to approximately 200 mg/L (except for the 75 micron size class --there was only enough sand available for that size class to bring the concentration to 123 mg/L). The chamber was filled to the maximum capacity of 118L in order to bring the ADV sample volume above the circulation outlets (see Figure 3b) . A grid (see * symbols in Figure 7 ) was created across the top of the chamber, with 6 locations (3 cm apart) along the x-axis and 6 locations (3 cm apart) along the y-axis, for a total of 36 positions. A 10-minute "burst" with a sampling rate of 10Hz was collected at each of these positions. The mean velocity in the z direction (<w>) and the standard deviation about the mean (w') was calculated for each burst.
F. Rapid Sand Analyzer Settling Velocity Measurements
The Rapid Sand Analyzer (RSA) is a 12-cm insidediameter column filled with tap water ( Figure 5 ). Sediment to be analyzed is placed on the drop pan. When the pan is released, a computer records a time series of the change in weight of sediment collected on the weight dish suspended by a wire a fixed distance below the balance mounted at the top of the column. The known distance between the drop pan and the weight dish is divided by time to give the settling velocity for each time period of the time series. The temperature of the water is recorded so that the density and viscosity of the water can be calculated. The settling velocity is then associated with a theoretical sediment grain size, assuming the sediment is composed of typical quartz sand particles with a constant density of 2.65 g/cm 3 . The percentage of sand, by weight, is determined for each settling velocity, thus providing a grainsize distribution for the sample. Removing sediment with slow Each size class prepared as described in Section C was passed through the FRF RSA in duplicate or triplicate. For each sample, approximately 0.3 grams of sand was placed on the drop pan. Using less than 0.5 g sample permits grains to settle at distances in excess of two grain diameters from each other so they settle without the acceleration or deceleration due to grain interactions [13] . The balance was tared just prior to each release of the sediment from the drop pan. For the FRF RSA, the timing software was started at the same time a button was pushed to mechanically release the drop pan to disperse the sand. This step introduces the greatest chance for error since both the start button and the disperse button have to be pushed at exactly the same time for the best possible fall velocity measurements. The timing software then records the weight of the sediment settling on the weight tray at a sampling rate of 10 Hz. The time-series distribution of settling velocities for a given RSA run is integrated to derive a single effective bulk settling velocity for that drop pan release. Figure 6 . Rapid Sand Analyzer results for sand collected on the 106 μm sieve. For this size sieve, the RSA effective bulk settling velocity was calculated to be 1.31 ± 0.06 cm/sec. (mean and standard deviation calculated from sample replicates) Figure 6 is an example of the settling velocity results measured for each of the sieve sizes using the FRF RSA. The effective bulk settling velocity was calculated for each replicate of each sieve sample. The mean and standard deviation about the mean of the replicates were then calculated and are listed in Table 1 . Figure 7a shows the flow pattern in the z-direction as interpolated from the grid of burst-averaged ADV velocity measurements collected 18 cm from the top of the chamber. The jets from the four circulation outlets (see outlets identified in Figure 3b ) meet in the center of the chamber 25 cm from the top and cause an upward flow of up to 5 cm/sec. This upward flux returns to the lower section of the chamber along the edges of the tank (as indicated by the negative numbers and blue color in Figure 7a) . By collecting the grid of ADV measurements 5 cm above the jet outlets, we know that the horizontally integrated vertical volume flux of water through the total horizontal cross-section of the tank must be zero. Because of the geometry of the ADV, it was impossible to directly measure vertical velocities all the way to the far edges of the chamber. When the ADV burst-averaged z-velocities are plotted versus the distance of each grid point from the center of the tank, however, a clear linear relation is seen (Figure 7b) . A linear regression fitted through the points was therefore used to estimate the ADV vertical velocities out to the far edges of the tank (Figure 7b) . It was then possible to horizontally integrate the inferred burst-averaged ADV vertical velocities over the entire horizontal tank cross-section.
III. RESULTS
A. Settling Velocity Experiments
Absent a net vertical volume flux of water, it follows that the average vertical velocity registered by an ADV across a horizontal plane is equal to the mean vertical velocity of the dominant scatterers relative to the water, i.e., the mean sediment settling velocity. This may seem counter-intuitive, since the horizontally-integrated net vertical flux of sediment at the height of the ADV grid must also be zero (since C is not increasing or decreasing). Nonetheless, the mean velocity of the sediment is still negative, because the Doppler calculation measures only the velocity of the scatters, not their mass flux. The downward flux of sediment associated with settling has a non-zero mean velocity defined as W s . In contrast, the balancing upward flux of sediment associated with vertical circulation cells of water has, by definition, a zero mean water velocity. This concept is analogous to the balance between upward Reynolds flux of sediment and downward settling often seen in benthic boundary layers.
The grid of ADV measurements distributed in a horizontal plane across the tank revealed that the mean vertical velocity registered by the ADV for each sieve case was indeed consistent with each grain size's settling velocity as separately measured by the FRF RSA settling tube. Figure 8a displays these extrapolated and then horizontally-averaged ADV velocities, each calculated individually for a single sieve size, plotted against Ws as measured by the RSA. The green line is the 1:1 ratio line. Each circle represents the mean settling velocity by both methods for one of the 6 grain-sizes tested and the lines are the standard deviations about that mean. Table 1 lists these mean ADV-inferred settling veloci errors for these "individual flow fit" cases. In theory, the slope of the regress identical for each settling velocity velocity only contributes to the verti circulation pattern of the water itse the scatter in Figure 8a can be re observations to calculate a single be ADV spatial velocity extrapolation different ADV means and reduce displayed in Figure 9b and Table case. 
B. Acoustic Response to Grain-size Experime
ADV backscatter in counts was plotted of the measured suspended sediment concent the acoustic response to grain-size experimen Figure 9 ). The relationship was linear up concentration measured for all sand distribu 250 mg/L). A systematic increase in th between sand concentration and backscatter w increasing grain size.
Also included in Figure 9 are regress previous experiments) using natural bottom s from the bed of the York River estuary at si Bank (CB) Channel, CB Shoal, and Ferry P CB Channel sample was 80% mud and 20 Shoal sample was 99% mud and 1% sand, an was 90% mud and 10% sand. The grainaggregated mud measured by pipet analysis w sand D50 grain-sizes for the CB and FP sites 125 µm, respectively [14] . The dashed li represent the naturally mixed sediment reg dotted lines are regression curves from mud o the Clay Bank and Ferry Point Shoals. 
A. Settling Velocity Experiments
In Figure 7 it can be seen that the area w velocity of the sediment was estimated in th simple flow field. The discharge from the was divided into four outlet jets that met in chamber. Above the level of the outlets this c flow of water in the center of the chamber flow along the far edges of the tank. Becaus shape of the ADV, it was impossible to measu to the edges of the calibration chamber. There of the velocity in the w direction vs. distance f id Lines nd Only ents against the log10 tration for each of nts (Solid lines in p to the highest utions (nominally e proportionality was observed with ion curves from ediment collected tes know as Clay Pier (FP) [14] . The 0% sand, the CB nd the FP sample -size of the diswas <5 µm and the were 106 µm and ines in Figure 9 gressions and the only samples from For the second portion of the increase in the proportionality betwe and backscatter amplitude was obse size. In Figure 9 , using a 5 MHz AD backscatter response was seen as t decreased. Theoretically this behavi of particle sizes where scatter interactions dominate attenuation backscattered amplitude in the mud sand as is expected for these partic these frequencies used, where the ba absorption tends to dominate the atte Interestingly, when the mud an backscattering was intermediate be rather than reaching a level that backscattering amplitudes. This m interrelationship between the attenuation, and the particle size-freq What was not expected was the n the natural samples from the Clay containing 1% and 20% sand, respe schematic relationship between g t the flow would be in the ured. When the flow was he circulatory flow of the patially-averaged apparent DV was consistent with the ndependently using a Rapid s measured. experiment, a systematic een sediment concentration erved with increasing grain DV, a decrease in acoustic the grain size of the sand ior is expected in the range ring and particle-particle [15] [16] . The acoustic d was much lower than the cle sizes (<63 micron) and ackscattering is low and the enuation. nd sand were mixed, the etween the mud and sand, was the sum of the two may be explained by the acoustic backscattering, quency range. nearly identical response of y Bank channel and shoal ectively. Figure 10 shows a grain-size and attenuation contributions, highlighting the role of the acoustic frequency. Acoustic attenuation is a measure of the energy loss of sound propagation in media. Acoustic absorption is that property of any material that changes the acoustic energy of sound waves into another form, often heat, which it to some extent retains, as opposed to that sound energy that material reflects or scatters. The acoustic wavelength (λ) is related to the frequency by (3) where is the speed of sound (0.165 cm/μs) and is the frequency of the ADV (5 or 10 MHz).
is calculated as (4) where a is the radius of the grain particle, and k is the acoustic wavenumber. Figure 10 displays the diameter of the grain-size plotted against for two frequencies. The red line represents the Sontek ADV used in this paper's experiments at 5 MHz frequency, and the blue line is a frequency of 10 MHz (the frequency of the Nortek ADV to be added in future work). When 1, multiple scattering and particle-particle interactions tend to dominate attenuation. When 1 absorption tends to dominate attenuation. When 1 there is a transition between these two end-members. The Clay Bank sand for both the channel and shoal has a D50 grain-size of 106 µm that falls right in the center of the transition zone for 5 MHz. It is possible that the acoustic response to the sand in the mud sample for Clay Bank samples was more absorption dominated rather than scattering dominated. This may explain why the same concentrations of both samples gave similar acoustic responses even though the channel contained almost 20% more sand than the shoal.
V. FUTURE WORK
Future work will further explore these interrelationships by systematically studying the frequency response of the backscattering and attenuation independently. This will include exploration of the response of acoustic backscatter and attenuation of various mud/sand mixtures as a function of frequency and concentration using Sontek and Nortek ADVs (5 and 10 MHz, respectively) as well as UTEX Scientific Instruments INSPECTIONWARE program with a series of acoustic transducers from 0.5 to 10 MHz .
